Introduction {#s1}
============

Our collective understanding of the physiological response to meal ingestion has centered around the pancreatic islet response to nutrient ingestion. However, while insulin secretion together with reciprocal inhibition of glucagon secretion is important for the maintenance of glucose tolerance, other factors require consideration. These include the ability of glucose and of insulin to stimulate glucose uptake and suppress glucose production (glucose effectiveness and insulin action, respectively) ([@B1]). Given that the gastrointestinal tract is the first organ system to make contact with ingested nutrients, it is necessary to consider its role in determining the systemic rate of appearance of ingested nutrients and the direct and indirect contributions of the gastrointestinal tract to postprandial metabolism. The systemic rate of appearance of ingested nutrients is largely determined by the rate of delivery of nutrients to the proximal small intestine through the rate of gastric emptying. While gastric emptying is arguably the most significant of the myriad processes occurring within the gastrointestinal tract, many other factors are either overlooked or misunderstood. This article provides a systematic overview of the mechanisms that can alter the fraction and rate of appearance of ingested nutrients in the peripheral circulation.

The role of the upper gastrointestinal tract in the maintenance of glucose tolerance has been highlighted by the advent of antidiabetes therapies that can either exclusively alter gastrointestinal motility (with secondary effects on satiation and weight) or have a combined effect on gastrointestinal motility and β-cell function ([@B2]). In addition, the past decade has witnessed renewed interest in bariatric surgery given its effects on type 2 diabetes, suggesting that the gastrointestinal tract produces diabetogenic and/or diabetogenic mediators whose secretion is respectively inhibited or enhanced by surgery ([@B3]). The overall goal of this review is to examine current knowledge and provide an overview of the gastrointestinal contributions to metabolic control.

Meal Composition and Its Effects on Appetite, Glycemia, and Upper Gastrointestinal Function {#s2}
===========================================================================================

Dietary fiber is composed predominantly of indigestible carbohydrate polymers, and its consumption is thought to confer benefits such as the prevention of ischemic heart disease, colorectal cancer, and type 2 diabetes. It decreases energy density of ingested foods, likely impairs absorption of some nutrients through physical interactions, and stimulates satiety. In epidemiological studies, dietary fiber intake is inversely correlated with adiposity and BMI ([@B4]). These effects may not be unique to dietary fiber; indeed, a low-energy density foam has been shown to have some effect on satiety and food intake that is sustained for a few hours after ingestion. Multiple short-term studies suggest that increased dietary consumption of fiber has short-term effects that are positive in terms of postprandial glycemia and appetite ([@B5]). However, not all interventional studies utilizing dietary fiber are associated with beneficial effects on weight, and their efficacy over the long term remains untested.

Effects of fiber have been reviewed in detail elsewhere ([@B6]). In summary, insoluble fibers demonstrate the strongest associations with decreased risk of diabetes, whereas soluble dietary fiber exerts physiological effects on the stomach and small intestine that modulate postprandial glycemic responses through delayed gastric emptying, modification of gastrointestinal myoelectrical activity and delaying small bowel transit, reduced glucose diffusion through the unstirred water layer, and reduced accessibility of α-amylase to its substrates due to increased viscosity of gut contents ([@B6]). [Table 1](#T1){ref-type="table"} shows a summary of dietary fiber effects on gastric emptying, satiety, glucose homeostasis, intestinal hormones, and body weight regulation ([@B6]).

###### 

Summary of dietary fiber effects on gastric emptying, satiety, glucose homeostasis, intestinal hormones, and body weight regulation

  Dietary fiber type   Gastric emptying                                                                         Satiety                                                                                                                               Glucose homeostasis                                                                                              Intestinal hormones                 Body weight/regulation of energy balance
  -------------------- ---------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------- ----------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Guar gum             Delayed in most studies; possible threshold at 5 g                                       Enhanced in most studies; effect is viscosity dependent, abolished by partial hydrolysis of guar, and modulated by meal fat content   Decreased postprandial glucose levels in most studies; GE delay is main factor; delayed absorption contributes   ↓GIP, ↑GLP-1, ↑CCK postprandially   WMD: −0.04 kg (95% CI −2.2, 2.1); gastrointestinal adverse effects limit guar use for weight loss
  Psyllium             Minor effect                                                                             Enhanced in most studies; threshold in the range 5.2--8.5 g                                                                           Variable                                                                                                         ↔GLP-1                              BMI reduction of --2.0 ± 0.3 kg/m^2^ at 6 months; no effect
  Pectin               Delayed with \>10 g                                                                      Enhanced possibly through direct gastric effect                                                                                       Decreased postprandial glucose when \>10 g; possible dose-response relationship                                  ↔CCK, PP ↔CCK, GIP                  No effect when supplemented to ad libitum diet; reduced energy intake (alginate-pectin combination)
  Alginate             Unaffected in healthy normal-weight individuals; delayed in those with stable diabetes   Enhanced only by strong-gelling form independent to GE                                                                                Decrease in correlation to GE effect                                                                             Not reported                        Strong-gelling form: 135 kcal (7%) reduction in mean daily energy intake over 7 weeks; reduced energy intake (alginate-pectin combination)
  Glucomannan          No effect                                                                                Enhanced satiety, combination with psyllium                                                                                           No effect                                                                                                        ↔GIP                                WMD: −0.79 (95 % CI −1.53, −0.05); weight loss 2.5 kg more than with placebo in 8 weeks; 3.8 ± 0.9 kg weight loss more than with hypocaloric diet alone over 5 weeks in healthy overweight individuals
  CM3                  No effect                                                                                No effect                                                                                                                             Not reported                                                                                                     Not reported                        3--4 kg weight loss more than with placebo
  Cellulose            Minor effects (unmodified); delayed (water-soluble)                                      Enhanced (EHEC)                                                                                                                       "Second meal effect" in combination with amylopectin/amylose                                                     ↔PP, CCK (EHEC)                     No effect (methylcellulose) on ad libitum diet
  Wheat fiber          Unaltered in most studies; delayed by undiluted and coarse bran                          Enhanced in most studies; inverse correlation with degree of refinement                                                               Variable effects                                                                                                 ↑GIP, ↔GLP-1                        Modest reductions; interpretation of results difficult as wheat grain coadministered with other dietary fiber sources in most studies

Literature is limited for glucomannan, CM3, and cellulose. EHEC: ethyl-hydroxyethyl-cellulose ("liquid fiber"); GE, gastric emptying; PP, pancreatic polypeptide; WMD, weighted mean difference relative to placebo in meta-analysis. See also Papathanasopoulos and Camilleri ([@B6]).

The effect of volume of ingesta on postprandial satiety seems to be greater than that of calories ingested, and indeed a gastric balloon inflated to 400--800 mL rapidly induces satiety without altering gastric emptying. Subsequent studies have suggested that maximal stomach capacity affects the volume of (stomach) contents necessary to decrease spontaneous food consumption by half ([@B7]). Indeed, Geliebter et al. ([@B7]) suggested a significant difference in maximal stomach capacity between obese and lean subjects. Postprandial gastric volume seems to predict satiation across a wide range of BMI ([@B8]).

Gastric Emptying and Nutrient Composition {#s3}
=========================================

The nutrient content of the suspension traversing the pylorus influences the rate of emptying to the extent that caloric delivery is nearly constant and ∼200 kcal/h are delivered to the duodenum. This is based on the studies of Hunt et al. ([@B9]) who first suggested that the pressure differences between the stomach and the small intestine as well as the volume of ingested meal govern the emptying half-time. The volume of the meal, its energy density (kcal/mL), and the proportions of fat, carbohydrate, and protein in the meal have minor effects on the rate of gastric emptying of energy ([@B10]). Regulation is achieved through the osmotic effect (including calorie content) and calcium binding of the products of digestion in the duodenum.

Increased caloric content (increasing sucrose concentrations) delayed emptying irrespective of the volume of test meal ingested ([@B9]). Subsequently, the slowing of gastric emptying by disaccharides was shown to be consistent with the stimulation of duodenal osmoreceptors after hydrolysis to monosaccharides ([@B11]). A later series of studies suggested similar slowing of gastric emptying by isocaloric amounts of fat, protein, and carbohydrate. Hunt ([@B10]) ultimately suggested that the osmotic properties of the stomach contents reaching the duodenum as well as the saponification of partially hydrolyzed triglycerides determine the rate of gastric emptying. A similar pattern for small bowel motor activity (i.e., it is dependent on the caloric value of the liquid meal ingested) has also been observed ([@B12]). The presence of fat such as oleate in the duodenum stimulates cholecystokinin (CCK) secretion, which in turn inhibits antral motility, stimulates pyloric tone, and therefore delays gastric emptying ([@B13]). However, there is some adaptation to diet so that a high-fat diet may not always delay gastric emptying in response to a test meal.

In addition to the trituration of solid food, the stomach facilitates nutritional absorption through denaturation by its acidic milieu as well as through secretion of gastric lipase and pepsins. Pepsins are secreted by the gastric mucosa and are typically activated by the acidic environment within the stomach. Gastric lipase is secreted by the chief cells in the gastric fundus in response to stimuli such as gastrin and acetylcholine that are elicited by food intake. Gastric lipase initiates digestion of lipids and triglycerides---free fatty acids liberated by its actions in the duodenum stimulate CCK secretion, which, together with glucagon-like peptide 1 (GLP-1), inhibits lipase secretion. In contrast, carbohydrate digestion commences with salivary amylase (which is inactivated by a pH \<4---conditions typically encountered within the stomach). Further digestion occurs at the surface of the intestinal mucosa and in the presence of pancreatic amylase in the duodenum and proximal small intestine ([@B14]).

It is controversial whether macronutrient composition independently affects upper gastrointestinal function and appetite. The classic studies by Hunt et al. ([@B9],[@B10]) suggested only minor effects, and Park et al. ([@B15]) reported that ingestion for 2 weeks of four different classes of macronutrients (protein, carbohydrate, fat, or a mixture) in excess of required calories by 500 kcal did not significantly change gastric function or aggregate gastric symptoms after ingestion of a challenge meal. The maximum tolerated volume of Ensure was higher only in a subset of participants with high baseline maximum tolerated volume who were randomized to fat supplementation. Satiety (calories ingested) or food choices at an ad libitum buffet meal did not differ between groups ([@B15]).

A caloric "preload" prior to the ingestion of the "main" meal can alter postprandial glycemic excursion through modulation of upper gastrointestinal function. Fat added to carbohydrate-containing meals stimulates incretin hormones and delays gastric emptying ([@B16]). Similar results have been observed with a whey protein preload ([@B17]).

Gastric Accommodation and Vagal Function {#s4}
========================================

Meal ingestion stimulates gastric accommodation---the active process whereby gastric volume (proximal \> distal) increases to accommodate the ingested meal without an increase in wall tension or intragastric pressure. This permits food ingestion without accompanying discomfort that would limit the ingestion of nutrients. Although gastric accommodation is thought to be mediated through the vagal nerve and denervation is associated with early satiety and decreased caloric intake, there is increasing evidence that the gastric relaxation responses recover with the passage of time after vagal denervation ([@B18]). Of note, pharmacological concentrations of the enteroendocrine hormone GLP-1 increase gastric volume ([Fig. 1](#F1){ref-type="fig"}) (and delay solid emptying) but require an intact vagus, as this effect is not observed in people with cardiovagal neuropathy (who have otherwise normal gastric accommodation) ([@B19]). Inhibition of endogenous GLP-1 by exendin(9,39) (a competitive antagonist of GLP-1 at its cognate receptor) also produces a decrease in gastric compliance as measured by an intragastric device ([@B20]). These data suggest that, at least in the presence of an intact vagus nerve, endogenous GLP-1 contributes to gastric compliance ([Fig. 2](#F2){ref-type="fig"}).

![GLP-1 increases gastric fasting and postprandial volume. However, in the presence of cardiovagal dysfunction, GLP-1 does not alter fasting or postprandial gastric volume. Reprinted with permission from Delgado-Aros et al. Effects of glucagon-like peptide-1 and feeding on gastric volumes in diabetes mellitus with cardio-vagal dysfunction. Neurogastroenterol Motil 2003;15:435--443.](dbi170021f1){#F1}

![Interaction of nutrient intake and neurohormonal responses. AAs, amino acids; CHO, carbohydrates. Reprinted with permission from Camilleri. Peripheral mechanisms in appetite regulation. Gastroenterology 2015;148:1219--1233.](dbi170021f2){#F2}

Gastric Emptying of Solids and Liquids, Satiation, Satiety, and Vagal Function {#s5}
==============================================================================

Unlike solid foods, ingested liquids tend to distribute passively and uniformly throughout the stomach. In contrast, solids are retained within the proximal stomach. The rate of liquid emptying differs significantly from that of solids and is much more rapid---the emptying half-time (time taken to empty 50%) being of the order of 20 min as opposed to ∼120 min ([@B14]) ([Fig. 3](#F3){ref-type="fig"}). Nonnutrient liquids empty exponentially but as caloric content increases the emptying rate decreases and becomes more linear. This prompts three observations; it is important to appreciate that the nature of a test meal might affect the rate at which calories appear in the duodenum. In addition, the result of scintigraphic measurement of gastric emptying depends to a large extent on whether it is bound to the liquid or solid component (if any) of a test meal. For example, the use of a labeled egg meal measures the rate of emptying of a different phase than that measured by the systemic appearance of ingested acetaminophen solution. The final observation to make is that liquid emptying is not completely passive and the emptying rate is decreased by increasing caloric content, suggesting an active ability to regulate caloric delivery that is not entirely dependent on particle size and the ability to pass through the pylorus ([@B10]).

![Patterns of gastric emptying of liquids and solids in health and in gastroparesis (reprinted with permission from Camilleri and Shin \[59\]).](dbi170021f3){#F3}

Solids food particles are subject to trituration by the circular contractions of the gastric antrum that propel food toward the closed pylorus. These forces together with acidic and peptic digestion (which commences in the stomach) breaks food into particles of sufficiently small size (∼2 mm) that they can traverse the pylorus. The corollary of this is that solid emptying is preceded by a lag phase where no emptying occurs followed by linear, postlag emptying. Solids typically empty over a period of 3--4 h ([@B14]). However, the volume, consistency and fat content will affect emptying rate so that large, fatty meals may empty over periods longer than 4 h. Gastric emptying rather than gastric accommodation appears to be the major gastric function determining postprandial satiation and satiety.

Bilateral truncal vagotomy, previously used to treat peptic ulcer, results in delayed gastric emptying, early satiety and weight loss ([@B18]). This is believed to be, at least in part, due to a decrease in gastric accommodation although symptoms decrease in severity over time. This may be due to the formation of collateral innervation or adaptation of the intrinsic enteric nervous system over time. While studies in animals suggest that vagal innervation modulates insulin secretion, insulin action and hepatic glucose metabolism ([@B21]), it is uncertain if these effects make significant contributions to the regulation of glucose metabolism in humans ([@B22]). The use of chronic, but reversible, electrical vagal blockade in humans produced a significant, but temporary, decrease in weight and caloric intake ([@B23]). No direct effects on glucose metabolism have been demonstrated with electrical vagal blockade ([@B22]) although in 26 subjects with type 2 diabetes electrical vagal blockade achieved sustained weight loss over a 1-year period, together with improved HbA~1c~, fasting glucose and blood pressure ([@B24]). These effects are likely to have resulted from the effect of vagal blockade on weight loss.

Gastric Emptying and Interaction With Glycemia {#s6}
==============================================

The rate of gastric emptying is subject to modulation by several circulating factors---blood glucose concentrations alter gastric emptying; hyperglycemia delays gastric emptying while hypoglycemia accelerates gastric emptying. However, the effect of raising blood glucose concentrations within the typical range observed in most people with diabetes has relatively minor effects on gastric emptying. For example, raising blood glucose from 4 to 8 mmol/L delayed emptying half-time of a liquid meal by about 10 min ([@B25]) or about 12 min in patients with type 1 diabetes ([@B26]). There was also 9% greater retention of solids at 100 min in the patients with type 1 diabetes between blood glucose 4 and 8 mmol/L ([@B26]). These studies utilized a hyperglycemic clamp with sustained glucose concentrations somewhat greater than those encountered in typical type 2 diabetes. Therefore the contribution of hyperglycemia per se to changes in gastric emptying is likely to be small.

Enteric Hormone Secretion and Its Effects on Upper Gastrointestinal Function {#s7}
============================================================================

Gastrin and CCK {#s8}
---------------

Gastrin is secreted by the G cells in the gastric antrum and by the parietal cells of the fundus and body. It is responsible for a significant proportion of postprandial acid release through direct activation of CCK~2~ receptors on parietal cells and through release of histamine from enterochromaffin-like cells ([@B27]). CCK is released from the duodenal mucosa in response to nutrients, particularly fatty acids of at least 12 carbon chain length. It directly activates vagal afferent fibers leading to relaxation of the proximal stomach (increasing its capacitance) and inhibition of gastric emptying ([@B28]). CCK also stimulates gallbladder contraction, and exocrine pancreatic secretion. Central and peripheral CCK receptors mediate satiety and fullness after meal ingestion. Of note, although CCK and gastrin share structural similarities as well as an affinity for CCK~2~ receptors, CCK induces somatostatin secretion which in turn inhibits gastrin secretion, gastrointestinal motility and gastric acid secretion ([@B29]).

Gastric Inhibitory Polypeptide/Glucose-Dependent Insulinotropic Polypeptide {#s9}
---------------------------------------------------------------------------

Gastric inhibitory polypeptide (GIP), also called glucose-dependent insulinotropic polypeptide, is a peptide hormone secreted by K cells in the duodenum and proximal jejunum. It signals through a specific receptor (GIPR). In the absence of a competitive antagonist of GIP, most of its effects on physiology are inferred from transgenic mice lacking the receptor ([@B30]). GIP levels rise immediately after nutrient ingestion, inhibiting gastric acid secretion and emptying. In humans these effects are observed at pharmacological (supraphysiological) concentrations of GIP, and thus the contribution of GIP to gastric acid secretion and gastric emptying in humans is uncertain. GIP also stimulates insulin secretion in the setting of hyperglycemia; however, the secretory response to infused GIP is impaired in diabetes.

GLP-1 {#s10}
-----

GLP-1 is secreted from L cells and is arguably the most important incretin hormone. It arises from posttranslational processing of proglucagon (which also give rise to GLP-2, a trophic factor for intestinal mucosa) and stimulates insulin secretion while inhibiting glucagon secretion in a glucose-dependent fashion. GLP-1--based therapy has been used successfully for the treatment of type 2 diabetes and obesity ([@B2]). Its effects on gastrointestinal function have also been alluded to earlier in this review. The physiological contributions of endogenous GLP-1 have been mainly studied using the GLP-1 receptor antagonist exendin(9,39) in humans and through studies of *Glp1r*^−/−^ mice.

Ghrelin {#s11}
-------

Ghrelin functions as an orexigenic hormone in humans---rising concentrations during fasting decrease after food ingestion and correlate with increasing appetite. Sleeve gastrectomy (SG) decreases acyl-ghrelin concentrations, presumably due to excision of a large part of the ghrelin-secreting stomach, which should decrease appetite. Indeed, fasting after SG is not associated with a rise in the (low) ghrelin concentrations observed in these patients, in contrast to what occurs after Roux-en-Y gastric bypass (RYGB) ([@B31]). It is unclear whether restoration of fasting presurgical acyl-ghrelin concentrations will alter GI function and restore appetite after SG.

Beyond its direct central effects on appetite regulation, ghrelin can also accelerate gastric emptying of liquids and solids ([@B32]). However, in a dose used to stimulate physiological growth hormone secretion, synthetic human ghrelin does not seem to alter gastric motor functions (emptying or postprandial accommodation), suggesting that at physiological concentrations it does not contribute to gastric function in humans ([@B33]).

Amylin {#s12}
------

Amylin is a peptide hormone cosecreted with insulin by the β-cell. Consequently, amylin is deficient in type 1 diabetes, while plasma levels are increased in obesity, impaired glucose tolerance, and type 2 diabetes. A synthetic analog, pramlintide, delays gastric emptying through vagal signaling in a dose-dependent fashion ([@B34]). Pramlintide is approved for the treatment of postprandial hyperglycemia in patients using intensive insulin therapy. Again, despite its pharmacological effects, the physiological contribution of amylin to the regulation of glucose metabolism is uncertain.

Bile Acids and Their Contribution to the Regulation of Metabolism {#s13}
-----------------------------------------------------------------

Bile acids are synthesized from cholesterol within the hepatocytes and excreted in the bile. They are subsequently reabsorbed in the distal small intestine so that 5% are lost in the feces. Conjugation with glycine or taurine makes bile acids impermeable to cell membranes and confers detergent-like properties that help solubilize lipid micelles and facilitate the absorption of fat in the small intestine ([@B35]). Bile acids are stored in the gallbladder during indigestive periods, but activation of CCK by fat emptying into duodenum stimulates gallbladder contraction and relaxation of the sphincter of Oddi, delivering bile to the small bowel. Bile acids act as natural ligands for the transcription factor farnesoid X receptor (FXR). Activation of this nuclear receptor stimulates the expression of genes encoding proteins involved in bile acid synthesis, transport, and metabolism. Activation by ligand binding causes heterodimerization with the retinoic X receptor α and subsequent binding to the promoter regions of target DNA ([@B36]). Bile acids differ in their ability to activate FXR, suggesting that changes in bile acid composition may alter the metabolic effects of FXR activation ([@B37]).

In addition, bile acids can also influence metabolism through the membrane-bound, G-protein--coupled bile acid receptor 1 (also known as TGR5). TGR5 is expressed in adipose tissue, the enteric nervous system, and the enteroendocrine L cells that produce GLP-1. Activation of the receptor leads to activation of protein kinase A and phosphorylation of target proteins. Increased GLP-1 secretion has been attributed to increased bile acid delivery to the small intestine after bariatric surgery ([@B35]).

FGF19 production is almost exclusively restricted to the terminal ileum, which corresponds to the site where bile acids are actively taken up by the ileal sodium/bile acid cotransporter ([@B38]). Its expression is increased by FXR signaling, and it is secreted into the portal circulation where it suppresses the rate-controlling enzyme of bile acid synthesis. It also stimulates hepatic glucose uptake and glycogen synthesis in an insulin-independent manner ([@B39]).

Changes in bile acid composition (and in the enterohepatic circulation) may contribute to the metabolic benefits of bariatric surgery. Certainly, differences among the various bariatric procedures might shed some light on the contribution of bile acids to metabolic regulation in humans. Plasma bile acid concentrations are higher after RYGB compared with those of weight-matched control subjects. However, these changes are not immediately apparent after surgery (at the time when most of the metabolic changes are occurring) and are only evident ∼1 year after the procedure ([@B40]).

In contrast, bile acid sequestration using bile acid binding resins decreases bile acid reabsorption by the terminal ileum, leading to increased fecal loss of bile acids. This is accompanied by decreased FGF19 concentrations and increased bile acid synthesis ([@B41]). However, in humans the decrease in FGF19 is accompanied by decreased fasting glucose concentrations and decreased meal ce of increased splanchnic extraction of the meal ([@B42]). Changes in GLP-1 concentrations have been variable (increase or no change) ([@B41],[@B42]).

Bariatric Surgery and Mechanistic Insights Into Upper Gastrointestinal Function {#s14}
-------------------------------------------------------------------------------

Bariatric surgery is the most effective intervention for weight loss. Nonrandomized retrospective studies suggest that the remission rate is associated with length of bypassed intestine (∼85% for standard RYGB and ∼98% with duodenal switch \[[@B43]\]). However, prospective, randomized controlled trials have reported lower remission rates for diabetes with RYGB ([@B44]). Of note, caloric restriction acutely improves β-cell function, suggesting that altered caloric intake in addition to altered intestinal anatomy and/or function is a key contributor to improved glucose tolerance ([@B45]).

On the other hand, remission of diabetes after bariatric surgery seems to depend on the duration and severity of diabetes (as quantified by the number of oral medications and/or use of insulin) prior to the procedure ([@B46]). This would suggest that the effects of bariatric surgery on the ability to synthesize and secrete insulin are limited. Indeed, insulin secretion in response to hyperglycemia with GLP-1 or GIP---a test of supramaximal β-cell function---did not change after surgical invention ([@B47]). This effect is less apparent after oral challenges where quantification of islet function as a disposition index demonstrates improvements in β-cell function that are mainly due to improved insulin action ([@B48]). Acute caloric restriction improves insulin action prior to any discernable weight loss ([@B45]), and indeed direct comparison of caloric restriction to the early changes after bariatric surgery might suggest equivalence.

Procedures that result in more rapid appearance of calories in the proximal intestine result in increased GLP-1 secretion. The extent to which this contributes to the remission of diabetes has been debated with some divergence in the literature. Acute blockade of the GLP-1 receptor decreases β-cell function after RYGB ([@B49]). However, in subjects with intact glucose effectiveness, the effect on glucose tolerance is marginal. GLP-1 also delays gastrointestinal motility after RYGB ([@B49]).

GLP-1 also has direct effects on hypothalamic nuclei outside of the blood-brain barrier, and GLP-1 or GLP-1 receptor agonists decrease food intake and cause weight loss ([@B2]). More recently, activation of the GLP-1 receptor decreased food intake and food-related brain responses in patients with type 2 diabetes and in obese subjects as measured by functional MRI---an action blocked by exendin(9,39) ([@B50]). However, the effect of postprandial GLP-1 concentrations on satiety after RYGB or SG is at present uncertain ([@B51]).

There is some evidence that intestinal absorption of nutrients is more rapid and efficient in obese individuals than it is in lean humans, predisposing them to further weight gain ([@B52]). Active glucose transport measured using 3-*O*-methylglucose (3OMG)---which is taken up by SGLT-1 and GLUT2 but is not metabolized, being excreted unchanged in the urine---is increased in subjects post-RYGB compared with lean subjects. In addition, intestinal glucose absorption is increased in obese subjects ([@B53]). While intriguing, the methods used in those studies were qualitative because they measured differences in area under the curve of plasma 3OMG concentrations (reflecting the sum of intestinal absorption and renal clearance) after a 30 min bolus of 3OMG. Moreover, they provided no information as to how glucose absorption changes after RYGB.

The Intestinal Barrier and Nutrient Absorption {#s15}
----------------------------------------------

The gastrointestinal epithelium provides a selective barrier limiting permeation of toxins while allowing passage of nutrients and water. Disruption of the barrier may play a role in the pathogenesis of multiple gastrointestinal tract disorders. Selectivity is achieved by the tight junctions that respond to extracellular stimuli and alter paracellular permeability through changes in the multiple proteins that comprise the complex ([@B54]). Factors that influence permeability include fatty acids in the intestinal lumen (whether ingested directly or as products of bacterial fermentation). In addition, bile acids such as deoxycholic acid and chenodeoxycholic acid can increase paracellular permeability ([@B55]). Intriguingly, bile acids alter both permeability and GLP-1 secretion ([@B56]) by signaling through the same receptor---TGR5. The intestinal barrier has been assessed in vivo using oral administration of inert, water-soluble probe molecules such as sugars and radiolabeled EDTA that passively traverse the intestinal mucosa into the bloodstream and are recovered unchanged in the urine. Such techniques suggest that intestinal permeability is increased in diabetes, contributing to postprandial hyperglycemia and systemic inflammation ([@B57]) through mediators such as lipopolysaccharide ([@B58]).

Conclusions {#s16}
===========

The upper gastrointestinal tract is not a passive conduit of nutrients that subsequently traverse the gut wall and stimulate an endocrine response. Instead, it serves to integrate intraluminal nutrients and neural, mechanical, and hormonal mechanisms to modulate the response to caloric ingestion. We hope that this brief overview helps crystallize current knowledge and suggest future areas of research that might lead to novel therapies for the prevention and treatment of obesity and type 2 diabetes in humans.
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